We have performed structural analyses on iron-based superconductors, PrFeAsO1−y and PrFeAsO1−xFx, systematically, by means of Rietveld method on neutron powder diffraction data. The shifts of iron ion valence from +2, δ, are accurately determined from the occupancies of O and O1−xFx sites obtained by the Rietveld analysis and F-concentration obtained by secondary ion-microprobe mass spectrometry . Tc-δ curve of PrFeAsO1−y is different from the curve of PrFeAsO1−xFx, indicating that δ is not a principal parameter for Tc in so-called 1111 system. Structural parameters of the FeAs layers, for example, As-Fe-As bond angle and Asheight from Fe layer, are different between both systems with similar δ-values. Their parent compounds are also found to have different structural parameters, possibly due to the different synthetic conditions. These results suggest that the difference of structural parameters of FeAs layer is the origin of the discrepancy of Tc-δ curves of both systems and the Tc-value in the 1111 system is sensitive to the structural parameters. It may be attribute to an energy balance of the conducting bands contributing to the superconductivity.
Introduction
Iron-based high-T c superconductor was first discovered by the partial substitution of flourine for oxygen in LaFeAsO which is a semimetal with an antiferromagnetic ordering.
1) After this dicovery, the series of RFeAsO 1−x F x systems were synthesized and the superconducting transition temperature T c reached up to about 55 K, where R is lanthanide elements. [2] [3] [4] [5] [6] In these systems, the partial substitution of flourine for oxygen causes the change of the valence of iron ion from +2 to +(2-x), resulting in so-called electron doping in the conducting bands which consist of Fe 3d orbitals. The electron doping is considered to cause the phase transition from antiferromagnetic state to superconducting state. In term of same idea, RFeAsO 1−y systems with the oxygen deficiency which also induces the electron doping are synthesized under high pressure and they also exhibit the superconductivity. 7) Other compounds, AFe 2 As 2 with A=Ba or Sr, show the transition from antiferromagnetic ordering to superconducting state by the substitution of Co for Fe, which gives the excess 3d electrons.
8)
In early stage of iron-based superconductor research, theoretical studies point out the role of electron doping. The 3d orbitals of Fe give the Fermi surface of a hole at Γ-point and the Fermi surface of an electron at M-point in reduced Brilliouin zone. 9) At non-doping, the nesting between Fermi surfaces at Γ-and M-points induces the spin density wave state (SDW) or antiferromagnetic ordering state. The electron doping suppresses the SDW, and, however, the nesting gives a dynamical spin fluctuation which is considered to be origin of the superconductivity. [10] [11] [12] [13] The recent experimental results support the above theoretical picture. The inelastic neutron scattering measurements on LaFeAsO 1−x F x with x=0.057, 0.082 and 0.157 indicate that the spin fluctuation observed in the sample with x=0.057 and 0.082 which exhibit superconductivity, almost disappears in the sample with x=0.157 in which the high-T c superconductivity is almost suppressed.
14) It can be explained that the excess electron doping shrinks the hole Fermi surface at Γ-point. The shrinking of the hole Fermi surface is also observed by ARPES on over-doped BaFe 2−x Co x As 2 with x=0.3 in which the superconductivity is almost suppressed.
15)
These results show the importance of the electron doping and/or the valence shift of Fe ion from +2 to the superconducivity.
However, several experimental results indicate that the valence shift of Fe ion is not solitary parameter to control the electronic state in the iron-based superconductors. T c of LaFeAsO 1−x F x system is highly suppressed around x=0.20, while the T c of other lanthanide systems, for example, Ce and Pr, remain near maximum values at similar x-region. [16] [17] [18] The Fe-valence at the boundary between antiferromagnetic ordering and superconducting phases in LaFeAsO 1−x F x system is about +1.95 (x ∼ 0.05), 1) very different from the value of about +1.6 of PrFeAsO 1−y system (y ∼ 0.2). 7) On the other hand, early structural analysis on RFeAsO 1−y shows that the maximum T c values of RFeAsO 1−y systems depend on As-Fe-As bond angles. 19) Theoretical study indicates that an amplitude and Q-dependence of spin fluctua-tion depend on the height of pnictogen ion, resulting in the difference of maximum T c -values in RFeAsO 1−y systems. 20) These results suggest that the structural parameters of FeAs layer are also important parameters for the electronic state in the iron-based superconductors. We have performed sturctural analyses on 1111 system with identical lanthanide element, Pr, in which superconductivities are induced by oxygen deficiency and flourine substitution, in order to obtain information on the role of structural parameters to the electronic state and superconductivity.
Experiments
Powder samples of PrFeAsO 1−y and PrFeAsO 1−x F x were prepared by following processes. Polycrystalline samples of PrFeAsO 1−y have been synthesized by high pressure method using belt-type-anvil apparatus. Powders of PrAs, Fe, Fe 2 O 3 were used as the starting materials for PrFeAsO 1−y . PrAs was obtained by reacting Pr powders and As grains at 500 ℃ for 10 hours and then 850 ℃ for 5 hours in an evacuated quartz tube. Mixed starting materials with their nominal compositions of PrFeAsO 1−y were sintered at 1000-1200 ℃ for 2 hours under a pressure of about 2 GPa using belt-type-anvil apparatus. The samples of about 1.8 g were prepared for neutron diffraction. Powder x-ray diffraction data show that obtained samples contain impurities of Pr 2 O 3 , FeAs and PrAs. The samples with nominal y-values larger than 0.2 are not used for the structural analysis because they contain the large amount of impurities. Powders of PrAs, Fe, Fe 2 O 3 , and FeF 2 were used as starting materials for the synthesis of PrFeAsO 1−x F x . The starting materials with nominal composition of PrFeAsO 1−x F x , were mixed and sintered at 1100 ℃ for 10 hours in an evacuated quartz tube. The masses of samples for neutron diffraction are about 5 g. Powder x-ray diffraction data show that obtained samples contain only single PrFeAsO 1−x F x phase. The ratios of oxygen and flourine in the samples with finite x were determined by secondary ion-microprobe mass spectrometry (SIMS).
The T c values are determined by the eletrical resisitivity measured by PPMS and the superconducitng shielding diamagnetism measured by SQUID magnetometer.
Neutron powder diffraction measurements were performed at room temperature, using the high-resolution powder diffractometer HRPD (neutron wave length: 1.8234Å, collimations: open (effective value of 35')-20'-6') installed in the reactor JRR-3 of JAEA. Diffraction data were collected with constant monitor counts and a step angle of 0.05°over the 2θ range of 10-162.4°. These experimental conditions and the sample positions are completely common to all measurements. The powder samples were set in vanadium holders with diameters of 6 and 10 mm for PrFeAsO 1−y and PrFeAsO 1−x F x , respectively.
Experimental Results
Temperature (T ) dependences of the resistivities of PrFeAsO 1−y are shown in Fig. 1(a) . As shown in Fig.  1(a) , the decrease of the resistivity of sample A-4 is some- The resistiviy of the sample with nominal y=0.09 (sample A-3) does not exhibit superconductivity although the anomaly caused by the antiferromagnetic ordering and structural phase transition from the tetragonal to orthorhombic structure is not observed. The superconducting shielding diamagnetism is observed below about 16 K. However, because the volume fraction of the shielding signal is less than 1 % at about 4 K, this sample is regarded as non-superconducting sample. Table I . The diffraction patterns calculated by using refined parameters are shown in Figs. 3(a) and 3(b) by solid lines. The calculated lines can reproduce the observed data. In Table II , the accurate O 1−x F x ratios of PrFeAsO 1−x F x samples estimated by SIMS are also shown. The difference of lattice parameters naturally causes the difference of the strctural parameters on FeAs layer which exhibits the superconductivity. The As-Fe-As bond angle, α, defined in ref. 19 is the good indicater of the maximum value of T c in RFeAsO 1−y systems.
19)
It is suggested that the T c -value becomes maximum as the α-value approaches 109.47°at which the FeAs 4 unit is a regular tetrahedron. On the other hand, theoret- ical study suggests that the pnictogen height defined as (z As − 0.5) × c changes the spin fluctuation arsing from Fermi surface nesting between Γ and M points which induces the s± superconductivity. The spin fluctuation arising from the Γ-M Fermi surface nesting is enhanced with increasing the pnictogen height, resulting in the increase of T c . 20) Experimentally, it is suggested that T c becomes maximum as the value of the pnictogen height approaches about 1.38Å. 22) Here we focus on these two structural parameters. In Fig. 6(a) , α-values of PrFeAsO 1−y and PrFeAsO 1−x F x are plotted as func- tions of δ. In both systems, the α-values decrease with increasing δ, at least, consistent with the behavior in RFeAsO 1−y systems reported in ref. 19 . The α-values of PrFeAsO 1−y are larger than α of PrFeAsO 1−x F x at similar δ-values, indicating that the FeAs layer of PrFeAsO 1−y is flatter than the layer of PrFeAsO 1−x F x as expected from the relation of the lattice parameters between both systems shown in Fig. 5 . In PrFeAsO 1−x F x , α reaches the minimum value which almost corresponds with the reported value, 4, 19, 23) at smaller δ relative to the case of PrFeAsO 1−y . In Fig. 6(b) , the pnictogen heights, h As of PrFeAsO 1−y and PrFeAsO 1−x F x are plotted as functions of δ. The h As -values of PrFeAsO 1−x F x are larger than h As of PrFeAsO 1−y at similar δ-values. These results indicate that the structural parameters of FeAs layer are obviously different between PrFeAsO 1−y and PrFeAsO 1−x F x . Such difference of FeAs layer may give the difference of T c -δ curves shown in Fig. 4 .
The strong correlation between the crystal structure and the magnetism of Fe ion is pointed out by other experimental studies. For example, phonon energy contributed from FeAs layer is smaller than the energy obtained by the first principle calculation, and this discrepancy can be corrected by the calculation which takes the magnetic moment of Fe into account.
24) The amplitude of ordred magnetic moment in the parent compound depend on the pnictgen height. 25) As mentioned in §1, the correlation between the magnetism and the superconductivity is also pointed out. The theoretical studies on iron-based superconductors suggest that three 3d orbitals, 3d x 2 −y 2 , 3d zx and 3d yz orbitals form the Fermi surfaces and the spin fluctuation arsing from the nesting between the different Fermi surfaces induces the superconductivity.
12, 26) Based on such senario, the superconductivity and/or the spin fluctuation arising from the Fermi surface nesting can be sensitive to the structural parameters of FeAs layer because the energy levels of three 3d orbitals are changed by the structural parameters. Our results confirm the strong correlation among the structural parameters, the magnetism and the superconductivity in the iron-based superconductors.
Here, we note that the change of the lattice parameter c of PrFeAsO 1−y are not perfectly systematic for the change of δ, as shown in Fig. 5 . The lattice parameter c of PrFeAsO 1−y with δ ∼ 0.04 corresponding to sample A-3 is obviously smaller than the values of other two non-superconducting samples. As a possible origin of such behavior, it is suggested that the crystal structure of PrFeAsO 1−y system is metastable, at least, at high temperature, because PrFeAsO 1−y system can be synthesized only under high pressure. If the system is metastable, the slight difference of the synthetic condition can cause the difference of structural parameters. In addition, the resistivity of the sample A-3 does not exhibit the anomaly caused by antiferromagnetic ordering and structural phase transition while the sample A-2 with larger δ-value exhibits antiferromagnetic ordering and structural phase transition. Such non-systematic behavior to δ in PrFeAsO 1−y system also indicates the strong correlation between the structural parameters and the electronic state in iron-based superconductors.
Finally, we plot the T c -values of PrFeAsO 1−y and PrFeAsO 1−x F x against above structural parameters, α and h As . In Figs. 7(a) and 7(b), α and h As dependences of T c are shown, respectively. Note that, in ref. 19 and 22, T c -values of many types of iron-based superconductors whose "carrier doping levels" are adjusted to maximum T c , are plotted against the α and h As . On the other hand, we plot T c against the α and h As from antiferromagnetic phase to superconducting phase only on Pr1111 systems with oxygen deficiency and flourine substitution. T c -values of PrFeAsO 1−y and PrFeAsO 1−x F x increase as α-values approach the optimum value of 109.47°, qualitatively consistent with 1111 systems with other rare earth elements. 19) Similar α-dependence of T c is also observed in hole doped 122 system. 27) T c -values of PrFeAsO 1−y and PrFeAsO 1−x F x increase as h As -values approach the optimum value of 1.38Å. In FeSe 1−x Te x system, the similar behaviors of α and h As are also observed, at least, in the x region from the antiferromagnetic ordering phase at x=1.0 to the superconducting phase with maximum T c -value at x=0.5. 28, 29) These results suggest that the α and h As are important parameters for the appearance of the superconductivity although the relation between the α and electronic state is not obvious. In addition, we also regard the volume-change as important. The T c -value increases with decreasing unit cell volume as shown in Fig.  7(c) . The similar behaviors are also observed in holeand electron-doped 122 systems, 27, 30) and FeSe 1−x Te x system in the region of 0.5 ≦ x ≦ 1.0.
28) Simply considering the magneto-volume effect, a disappearance of the magnetic ordering in the sample with smaller volume is reasonable. However, the correlation between T c and the unit cell volume is not obvious. Now we know that the T cvalue is sensitive to the structural parameters. The further systematic studies to reveal the correlation among the structural parameters, the electronic state and the superconductivity are necessary.
Summary
We have performed the Rietveld analyses on the neutron powder diffraction data of PrFeAsO 1−y and PrFeAsO 1−x F x in which the superconductivities are induced by the oxygen deficiency and flourine substitution, respectively. The T c -values of both systems are not scaled by the valence shift of Fe ion, δ, which is accurately determined by the Rietveld analysis. The structural parameters of FeAs layer are different between both systems including the parent compounds with the same composition. These results suggest that T c -values of the iron-based supercomductors are sensitive to the structural parameters of FeAs layer. Such sensitivity of T c to the structural parameters may be due to the energy blance of 3d orbitals contributing to the superconductivity which is affected by the structural parameters.
